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Embryos of two dipteran species (Musca domestica and Lucilia sericata) were assessed for an effective
sampling time that would result in the highest post-cryopreservation hatch rate, with a primary goal
to deﬁne species-speciﬁc egg collection periods and the effects of manual stage selection on post cryop-
reservation yield. The effects of the time taken to collect eggs on, (a) the proportion of embryos reaching a
speciﬁc developmental stage between 17 and 20 h of development, and (b) the post-cryopreservation
hatch rate were assessed. Permeabilization treatment applied at any stage of embryonic development
did not signiﬁcantly reduce embryo viability. Eggs collected over longer durations signiﬁcantly reduced
the number of embryos available in a speciﬁc developmental stage amenable to cryopreservation. Hatch
percentage after cryopreservation of the embryos of M. domestica collected over a 60 min period was
10.7 ± 8.7% compared to 31 ± 5% for the eggs collected for just 15 min. Similarly, percent hatch in L. ser-
icata resulted in 17.0 ± 3.9 and <2% for 15 and 60 min samples, respectively. Signiﬁcantly higher hatching
rates were obtained for cryopreservation after manual selection of speciﬁc embryonic developmental
stages from the dechorionated samples. Post-cryopreservation hatching rate for stage-selectedM. domes-
tica embryos was 86.5 ± 5.5% compared to 33.3 ± 4.5% for embryos staged only by an overall visual con-
ﬁrmation. In the case of L. sericata, the hatching percentage was 79.0 ± 11.1 for stage-selected embryos
compared to 17.0 ± 3.9% without individual selection.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license (http://creative-
commons.org/licenses/by-nc-nd/4.0/).Introduction
Since the 1990s, optimized cryopreservation protocols have
been reported for numerous dipteran insects of economic and sci-
entiﬁc importance [5]. These include, Drosophila melanogaster
[7,19], Musca domestica [20], Culicoides sonorensis [11], Cochliomyia
hominivorox [6], Ceratitis capitata [13], Anastrepha ludens [12] and
Lucilia sericata [15]. The technique used for the above dipterans
was also reported to be successful for embryos of the lepidopteran,
Pectinophora gossypiella [14]. The development of cryopreservation
protocols for insects even on a small scale is becoming more
important as insects of economic importance are being increasing-
ly used in research including genetic manipulation [1]. This results
in numerous strains of the same species that are required to becontinuously reared in the laboratory costing both time and labor
[18]. Embryonic cryostorage is an alternative to continuous rearing
that could cut costs as well as preserve the germplasm in a form
that can be easily revived [5,9].
Leopold and Rinehart [5] reviewed the various challenges that
hinder, widespread adoption of insect embryo cryopreservation.
Most of these challenges relate to obtaining sufﬁcient numbers of
high quality embryos that are developmentally synchronized from
small colonies of laboratory maintained insects. The problem is
further exacerbated by the fact that unlike the mammalian
embryos that are amenable to cryopreservation in many of their
early developmental stages (exception: porcine embryos [10]),
the dipteran embryos can only be cryopreserved at a precise devel-
opmental stage during late organogenesis [5,6,12]. This necessi-
tates the collection of embryos that are developing uniformly.
Visual estimates during prior studies on L. sericata indicated that
a shorter duration of egg collection could result in more uniformly
developing embryos [15].
Two dipteran models were used in this study: the common
green bottle ﬂy, L. sericata and the common houseﬂy,M. domestica.
The embryos of both species develop at very similar rates. And
Fig. 1. Image crops A, B and C represent the three stages of development in Lucilia
sericata that were manually selected for the study. For the purpose of cryopreser-
vation, they are identiﬁed as early (A), proper (B) and late (C) stage embryos. When
incubated at 19 C after oviposition, stage ‘early’ (A) occurs approximately after
17 h of incubation and development. This stage is characterized by the presence of 3
or 4 coils of yolk ﬁlled gut marked with an asterisk. Stage ‘proper’ (B) are mostly
seen after 18 h of development and is characterized by the helix (thin arrows) and
the maxillary-mandibular furrow (thick arrow). ‘Late’ stage (C) embryos were
observed after 18.5 h of development and show a distinct refractive cuticle and,
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opreservation is also very comparable. However, the permeabiliza-
tion procedure was adjusted due to the higher sensitivity of the
embryos of L. sericata andM. domestica to 2-propanol and hexanes,
respectively [15,20]. Both of the above studies also describe the
process of determination of the developmental stage for cryop-
reservation by identifying speciﬁc developmental markers. These
markers include: the structure of the embryonic midgut, the
cephalic furrow and the appearance of the mandibles and cuticle.
However, these markers can often be difﬁcult to identify when
there are variations in the overall developmental rates of the
embryo samples of different species.
Several strategies have been employed in dipteran embryo cry-
opreservation to increase post-embryonic viability since the early
reports of dipteran cryopreservation [7,20]. These include, opti-
mized embryo collection time, and stage selection by monitoring
for the appearance or disappearance of speciﬁc embryonic markers
[5,6,12,15] and handpicking speciﬁc developmental stages for cry-
opreservation which was ﬁrst reported in cryopreservation studies
with A. ludens [12]. The present study was designed to compare the
effectiveness of three approaches to increase the proportion of
viable embryos after cryopreservation by, (1) assessing if the
length of egg collection period can affect the efﬁciency of a cryop-
reservation protocol, (2) analyzing the efﬁciency of cryopreserving
selected embryos of three different manually sorted developmen-
tal stages, and, (3) evaluating if the duration of egg collection can
affect manual stage selection of the embryos.beaded and dispersed mid-gut (asterisk) and hind-gut. M. domestica embryos are
not depicted due to their similarity to L. sericata embryos.Materials and methods
Embryo collection and maintenance
Embryos of M. domestica Linn. and L. sericata (Meigen) were
obtained from colonies reared at the USDA-ARS-Biosciences
Research Laboratory facility in Fargo, North Dakota, USA. The
embryos were incubated at 19 ± 0.1 C (Eco Therm in30, Torrey
Pines Scientiﬁc, Solana Beach, California, USA) on a moist ﬁlter
paper in a Petri dish for up to 20 h prior to processing.Timed embryo collection and stage selection
To obtain embryos of deﬁnitive age, the houseﬂies were permit-
ted to oviposit for 10, 15, 20, 30, 40, 60 min in containers of spent
houseﬂy larval diet. The blowﬂies were offered a piece of warm
cattle liver to oviposit. Embryos were removed from the medium
using a moist paintbrush and incubated as described above until
further studies.
Speciﬁc embryonic stages designated as early (E), proper (P) and
late (L) were utilized in cryopreservation experiments (Fig. 1). The
stage designation was based on the extent of development of the
alimentary system (speciﬁcally, the midgut and the hindgut) as
well as the development of the cephalic and abdominal character-
istics [6,12,15]. Early (‘E’-stage) embryos possess a large tri-saccu-
lar yolk ﬁlled mid-gut. Stage P or ‘proper’ embryos are
characterized by bi-helical midgut and thin tubular hindgut. The
late stage embryos (‘L’-stage) in both species exhibit translucent
cuticle and meager mid-gut yolk content. The embryonic stages
selected for cryopreservation were examined immediately after
permeabilization while in the Schneider’s insect cell culture medi-
um (Cat. No. S-9895; Sigma–Aldrich; containing calcium chloride
and sodium bicarbonate) to minimize possible osmotic shock.
The embryos not in the exact developmental stage to be tested
were sacriﬁced while the embryos in the stages E, P or L were
separated and transferred to fresh cell culture medium using ahard bristle brush trimmed to a single hair. The embryos were pro-
cessed immediately or permitted to develop further.
Pre-cryopreservation treatments
Prior to cryopreservation the embryos were dechorionated and
permeabilized as previously described for M. domestica and L. ser-
icata [15,20]. During dechorionation the embryos were rinsed in
25% sodium hypochlorite (Cat. No. 425054; Sigma–Aldrich, St.
Louis, MO, USA) for one minute or until all the embryos ﬂoat and
desist from sinking. This event signiﬁes dissolution of the chorion
and the exposure of the hydrophobic wax layer. Permeabilization
procedure involved de-wetting the embryos in 2-propanol fol-
lowed by removal of the wax layer enveloping the vitelline mem-
brane using either hexane in the case of L. sericata and heptane for
M. domestica. The embryos were then placed in Schneider’s insect
cell culture medium until further processing.
Cryopreservation and recovery
M. domestica and L. sericata embryos were cryopreserved as per
the previously published protocol [15,20]. Embryos were then vit-
riﬁed in liquid nitrogen while attached to the surface of a polycar-
bonate membrane (Whatman/GE Life Sciences, USA – Cat. No.
110614). The process was a two-step procedure with an initial
one minute relaxation in the vapor phase of the liquid nitrogen fol-
lowed by quenching in liquid nitrogen. This was done to avoid
freeze-fracture damages during the quenching process
[3,12,16,17]. The embryos were then stored in liquid nitrogen for
at least 24 h before recovery. To thaw and recover the embryos,
the polycarbonate membrane supporting the embryos was re-sus-
pended in the vapor phase above the liquid nitrogen for one min-
ute or until all traces of liquid nitrogen evaporated from the
membrane. This took approximately one minute. Thereafter the
membrane was quickly immersed into a solution of 0.5 M tre-
A. Rajamohan et al. / Cryobiology 70 (2015) 143–149 145halose (Swanson Health Foods, Fargo, ND, USA) solution in Schnei-
der’s insect cell culture medium. After two minutes, the embryos
were dislodged from the membrane and transferred to Schneider’s
medium containing 10% deactivated fetal calf serum (FSC) for L.
sericata and Schneider’s medium without FCS for the M. domestica.
The medium was replaced at least 3 and the embryos were per-
mitted to hatch in the medium itself. Viability estimate presented
in this study is deﬁned as the fraction of fully motile larvae counted
24 h after hatch over the number of embryos used in the
experiment.
Embryonic stage experiments
The proportion of embryos at the developmental stage amen-
able to cryopreservation was determined by assessing between
70 and 150 embryos per sample. Three to ﬁve replicates were
assessed between 17 and 20 h of development at 30 min intervals
after dechorionation. Dechorionation increased the translucency of
the embryos aiding observation of the gut morphology.
The effect of dechorionation, permeabilization and cryopreser-
vation procedures on the hatching percentage of the embryos
was assessed. Embryos were collected for 10, 15, 20, 30, 40 and
60 min and were treated to determine the effects of the increased
egg collection time interval on the proportion hatching after
treatments.
Finally 10–25 embryos were individually handpicked when
they were in E, P or L stage of development and were subjected
to the same treatments as described above. Three or in some cases
four replicates were assessed for each treatment group.
Data analysis
All the experiments in this study were either treatment-survival
or timed survival assessments. Hence the data were all modeled
using generalized linear model assuming binomial distribution
using the statistical software Stata (v10.1; StataCorp, College Sta-
tion, TX, USA). Embryo survival was compared after various treat-
ments with covariables being the duration of egg collection, the
age of the embryo post-oviposition and/or the embryonic stage
classiﬁcation.Results
Proportion of embryos in stage proper with extended durations of egg
collection
The proportion of embryos estimated to be in stage P in bothM.
domestica and L. sericata occurred mostly during a 30 min period
between 18 and 18.5 h of development independent of the length
of the egg collection duration (Figs. 2 and 3). In the case of M.
domestica, embryos collected for a duration of 15 min and after
18 h of development contained signiﬁcantly higher proportion of
stage P embryos than the 18.5 h old samples (p < 0.01). It was also
signiﬁcantly different from all other embryo samples obtained
from other egg collection and developmental durations. The excep-
tions were, 18.5 h old embryos from 20 min of egg collection
(p > 0.5) and 18 h old embryos from 30 min of egg collection
(p > 0.05). However the 20 and 30 min samples also exhibited
much higher variability within the samples (SD > 35% and 47% of
means, respectively). Estimates of M. domestica embryos in stage
P collected over a 15 min period and after 18 h of development
was 46.6 ± 7.5%. Twenty minutes of egg collection after 18 and
18.5 h contained 29.3 ± 4.5 and 37.3 ± 13.5% stage P embryos. None
of the other egg collection durations resulted in >35% suitable
(stage P) embryos at any point of time during their development.In the case of L. sericata, the highest proportion of embryos in
stage P was observed at the 18th hour of development in the
embryos collected for 10, 15 and 20 min (58.3 ± 9.5%; 58.6 ± 8.5%,
47.0 ± 8.0%, respectively) (Fig. 3). However, there were no sig-
niﬁcant differences among the 18-h-old embryos obtained after
10, 15 and 20 min of egg collection [10 vs. 15 (p = 0.8); 10 vs. 20
(p < 0.2); 15 vs. 20 (p < 0.2)].
Length of egg collection time and treatments
M. domestica embryos collected between 10 and 60 min did not
show signiﬁcant differences in the hatching rate after dechori-
onation or permeabilization (Fig. 4). However, the hatching rate
after cryopreservation showed a progressive reduction among the
embryos collected through 30–60 min of ovipositing [30 vs. 15
(p = 0.29); 40 vs. 15 (p = 0.13); 60 vs. 15 (p = 0.0495)]. Additionally
with longer duration of egg collection the coefﬁcient of variation
tended to be much higher in the case of M. domestica but not in
L. sericata (Fig. 5).
The effects of dechorionation and permeabilization in L. sericata
appear to be similar to M. domestica (Fig. 5). The duration of egg
collection did not signiﬁcantly affect the hatching proportion or
the variability within the samples. However, embryos collected
over a longer duration tended to hatch at signiﬁcantly lower rates
after cryopreservation [15 vs. 30, 40, 60 (p < 0.025)]. There was no
statistical difference among the samples collected for 20, 30 and
40 min [20 vs. 30 and 40 (p = 0.47 and 0.38, respectively)]. Howev-
er the embryos from 20 vs. 60 min of collection and the 30 vs.
60 min of collection showed signiﬁcant reduction in the latter
(p = 0.043 and p = 0.0108, respectively). The reduction was neither
gradual nor was there an increase in the coefﬁcient of variation
with extended egg collection period.
Stage selection and cryopreservation
Stage-selected embryos had signiﬁcantly higher hatching rate
in all of the untreated, dechorionated, permeabilized as well as cry-
opreserved treatments in both the species of ﬂies in this study
(p < 0.001 in all treatments; comparison of data in Figs. 4 vs. 6
and 5 vs. 7).
The treatment effect of dechorionation and permeabilization on
the early, proper and late stage embryos of M. domestica was not
statistically signiﬁcant (E vs. P, E vs. L, P vs. L – p = 0.9, 0.07, 0.13,
respectively for dechorionation and p > 0.5 in all cases for perme-
abilization) (Fig. 6). However, the effect of stage selection on
embryonic hatch rate was signiﬁcantly higher after vitriﬁcation
and revival (p < 0.001). As expected, the embryos vitriﬁed during
stage P yielded higher numbers of larvae as compared to stage E
and stage L embryos (p < 0.001).
The effects of dechorionation and permeabilization on the stage
selected embryos of L. sericata were similar to the above observa-
tions made in M. domestica. Variability in larval hatch among the
stage-selected and dechorionated as well as permeabilized
embryos was negligible (p > 0.1). Vitriﬁcation of stage P embryos
resulted in a signiﬁcantly higher number of larval hatch than the
early or late stage embryos (p < 0.01) (Fig. 7).
In the case of M. domestica, longer egg collection duration did
not signiﬁcantly alter the post-cryopreservation hatch rate. How-
ever the coefﬁcient of variation increased with longer duration.
The Cook-Weisberg test for inconsistent variance/heteroskedas-
ticity was signiﬁcant for M. domestica but not for L. sericata
(p = 0.024 and p = 0.3, respectively). In L. sericata, embryos collect-
ed by permitting the ﬂies to oviposit for 10 min had signiﬁcantly
higher hatch rate after cryopreservation compared to the samples
collected from longer periods of egg collection (10 vs. 15 –
p = 0.009; nested comparison among the rest – p > 0.1).
Fig. 2. Proportion of Musca domestica embryos in stage ‘proper’ (stage P) during the post ovi-positional developmental time between 17 and 20 h. Random samples of the
embryo were dechorionated at speciﬁc time points and staged by the presence or absence of speciﬁc developmental markers (see, Fig. 1).
Fig. 3. Proportion of Lucilia sericata embryos in stage ‘proper’ (stage P) during the post ovi-positional developmental time between 17 and 20 h. Random samples of the
embryo were dechorionated at speciﬁc time points and staged by the presence or absence of speciﬁc developmental markers.
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The results of the current study are of importance because they
present a method to optimize the timing for cryopreservation of
dipteran embryos. Once the standard charts such as shown in
Figs. 2 and 3 are obtained for a particular strain of an insect, theprocess of cryopreservation is simpliﬁed immensely as repeated
sampling, processing and staging of the embryos prior to the cry-
opreservation can be dispensed with. Furthermore, use of a stan-
dard chart will reduce the chances of losing the embryos by
eliminating errors that might lead to a missed ‘window of opportu-
nity’ – the brief time period during which the embryos incubated
Fig. 4. Effect of the permeabilization and cryopreservation treatments on the larval hatch of Musca domestica embryos collected for 10, 15, 20, 30, 40 and 60 min.
Fig. 5. Effect of the permeabilization and cryopreservation treatments on the larval hatch of Lucilia sericata embryos collected for 10, 15, 20, 30, 40 and 60 min.
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opreservation. The ‘window of opportunity’ was ﬁrst illustrated by
Wang et al. [20] and Leopold et al. [6] while presenting their
methodology to cryopreserve the rapidly developing embryos of
M. domestica and C. hominivorox. In both the cases they observed
that this window was only 20 min in duration. Tephritid fruit ﬂies
often have longer developmental time and Rajamohan and Leopold
[12] observed that in the case of A. ludens the window was slightly
less than 60 min with the overall developmental time exceeding
120 h at 21 C. The current study shows that this window is a
dynamic temporal upsurge of embryonic stage P, which is directly
related to the egg collection time (Figs. 2 and 3). The maximum
count for the stage P embryos ofM. domesticawas noted to be dur-
ing 18–18.5 h. In the present study with M. domestica, there was a
signiﬁcant difference between the 17.5, 18 and 18.5 h old embryos
in 15 min egg collections, however this signiﬁcance diminished in
collections that extended to 20 min and above. Therefore it must
be concluded that inM. domestica, the actually window of opportu-nity might indeed be less than 20 min. The additional ﬁve minutes
of permitting the ﬂies to oviposit contributed to lessening the
median proportion of stage P embryos by nearly 10% at the same
point of time as in the case of 15 min sampling. In the case of L. ser-
icata, this issue was not observed as the proportion of embryos in
stage P in the 18 h samples remained signiﬁcantly higher than
either 17.5 or 18.5 h in all the embryo samples collected for
20 min and less. This seems to conﬁrm the estimated 20 min win-
dow stated in the earlier study on L. sericata [15]. Additional cre-
dence to the above assumption comes from the observed median
proportion maxima for stage P in house ﬂies, which was above
50% only in the 15 min egg collection samples. In the case of blow-
ﬂies, it was near 50% in 10, 15 and 20 min samplings. Interestingly
the 10 min samples fared worse than 15 min sample in M. domes-
tica. While the reason for this is unknown, the possibility of
intrauterine egg retention observed in some of the dipterans might
be considered although there are no previous reports of egg reten-
tion in house ﬂies [2]. However, cage reared houseﬂies are faced
Fig. 6. Effects of permeabilization and cryopreservation on the embryos of theMusca domestica that have been selected for early (E), proper (P) and late (L) stages as described
in Rajamohan et al. [15] and see, Fig. 1. The embryos were collected for 10, 15, 20, 30, 40 and 60 min.
Fig. 7. Effects of permeabilization and cryopreservation on the embryos of the Lucilia sericata that have been selected for early (E), proper (P) and late (L) stages described in
Rajamohan et al. [15] – see legend for Fig. 1 for further details. The embryos were collected for 10, 15, 20, 30, 40 and 60 min.
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them to retain eggs for slightly longer periods until a suitable sub-
strate is found. Often in caged houseﬂies, moist areas around the
water source serves this requisite.Samples collected over longer durations are expected to contain
a larger proportion of embryos in early and late stages than the
embryos collected over a shorter period of time. If the early or
the late stages of the embryo are more sensitive to the permeabi-
lization treatment, it is expected to cause signiﬁcant reduction in
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observed in either M. domestica or L. sericata. Rajamohan and Leo-
pold [12] reported stage speciﬁc sensitivity to dechorionation and
permeabilization and cryopreservation treatment in the case of the
tephritid fruit ﬂy A. ludens and Anastrepha suspensa but not in C.
capitata (data not published for A. suspensa and C. capitata). Our
results further conﬁrm the previous observations in the case of
M. domestica [20] and L. sericata [15] of the embryonic tolerance
to permeabilization treatments. Permeabilization treatment
imposes a certain degree of both chemical and osmotic stress. This
is expected to affect the younger stages more than the later devel-
opmental stages just as other stressors such as cold. Leopold [4]
had previously shown that early stage embryos in M. domestica
are more susceptible to cold. A similar study on L. sericata also
pointed to higher stress tolerance in late stage embryos [21].
In response to cryopreservation, the tendency in bothM. domes-
tica and L. sericata was towards gradual reduction in viability in
samples obtained after longer periods of egg collection. This was
also the case with stage-selected embryos. As can be seen by com-
paring Figs. 4 and 5 with Figs. 6 and 7, cryopreservation can be suc-
cessfully performed on stage P embryos. Signiﬁcantly higher
hatching rates were observed in 10 and 15 min sampling of the
embryos from M. domestica and only the embryos from the
10 min of egg collection in L. sericata. This is not supportive of
the observations on the proportion of stage P embryos in Figs. 2
and 3, where a high median proportion of >40% stage P embryos
were observed in 15 min sample from M. domestica and 10, 15
and 20 min sample in L. sericata. The high coefﬁcient of variation
observed in the hatch percentage of cryopreserved samples of
stage-selected embryos in both M. domestica and L. sericata could
be due to the higher variability introduced while selecting embryos
from samples that are progressively more variable. While the pur-
pose of stage-selection itself is to eliminate this variability, as can
be seen in this study, this remains difﬁcult in practice. This is pos-
sibly due to several reasons such as, the relative location of the
embryos on the polycarbonate membrane (used as embryo sub-
strate for vitriﬁcation), proximity of the embryos to one another
on the membrane and the variable amounts of vitriﬁcation solu-
tions surrounding the embryo, all of which might play a role the
embryonic viability. Rajamohan and Leopold [12] showed that in
the case of A. ludens, excessive vitriﬁcation solution around the
embryo during quenching in liquid nitrogen causes signiﬁcant
reduction in hatch percentage. This was explained as being due
to fracturing of the vitriﬁcation solution during quenching and
the low thermal conductivity of vitriﬁcation solution. Lower ther-
mal conductivity in turn can cause rapid devitriﬁcation and recrys-
tallization that is harmful to the embryos [8].
In conclusion, the recommendation based on this study is to uti-
lize embryos sampled in 15 min or less when cryopreserving M.
domestica and 20 min or less when cryopreserving L. sericata.
While the embryos of M. domestica incubated at 19 ± 0.1 C could
be cryopreserved in 18 h ± 15 min, the embryos of L. sericata allowfor a slightly longer processing duration of 18 h ± 20 min. However,
it is likely that this estimate will vary with individual strains of a
given species. We conclude that the methodologies presented in
this study will prove essential to optimizing the cryopreservation
protocols to accommodate for normally occurring variations in
development among the species and their strains.
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